Measurements of pressure in oscillating rigid replicas of vocal folds are presented. The pressure upstream of the replica is used as input to various theoretical approximations to predict the pressure within the glottis. As the vocal folds collide the classical quasisteady boundary layer theory fails. It appears however that for physiologically reasonable shapes of the replicas, viscous effects are more important than the influence of the flow unsteadiness due to the wall movement. A simple model based on a quasisteady Bernoulli equation corrected for viscous effect, combined with a simple boundary layer separation model does globally predict the observed pressure behavior.
I. INTRODUCTION
Voiced sound production, or phonation, is driven by a modulation of the flow passing through the glottis as a result of the oscillation of the vocal folds. Typically, the fundamental oscillation frequency for a male speaker is of order of 10 2 Hz, which is much lower than the frequency range perceptually relevant for speech ͑of order of 10 3 Hz for most voiced sounds͒. One can therefore expect that, to simulate this behavior, two different models can be used, one predicting the oscillation of the vocal folds and a second predicting the sound production. As the matter of fact, a simple mechanical model such as a two-mass model [1] [2] [3] [4] [5] [6] or a three-mass model 7 combined with a simplified flow model does indeed predict the self-sustained oscillations of the vocal folds. In such lumped parameter models the mechanics of the vocal folds is approximated by rigid masses attached to springs. The oscillations of this mass-spring system are driven by the difference in hydrodynamic force on the vocal folds during opening and closing phases. The contact between the vocal folds during the closure of the glottis is described as a change in stiffness of the springs. The flow is interrupted but the movement of the vocal folds continues as they are allowed to penetrate each other.
In earlier papers 2, 8 we have verified that, for conditions typical to those encountered during phonation, a quasi-steady incompressible flow model based on the concept of viscous boundary layers appears to be a reasonable approximation of the glottal flow. However, the accuracy of this flow model during the closure of the glottis was left as an open problem. Considering the simplicity of the two-mass model it was thought, in practice, more reasonable to ignore the deviations from such a flow model which will certainly occur when the vocal folds collide. However, the closing phase of the vocal folds is known to be a very important feature of voiced sound production. This is the abrupt event which is needed to generate the higher harmonics which are perceptually relevant for speech. Many aspects of the voice quality or of the ''naturalness'' of the synthetic sounds can be related to this particular event. 9, 10 During the closure of the vocal folds the quasi-steady, incompressible boundary layer theory will fail because the flow channel, the glottis, becomes too thin to allow a distinction between a frictionless main flow and viscous boundary layers. Eventually the flow becomes dominated by viscous effects. On the other hand, the volume flux induced by the wall displacement becomes locally larger than the flux driven by the trans-glottal pressure difference. In such a case the flow becomes essentially unsteady.
The goal of this study is to investigate whether both viscous and unsteady phenomena are equally important as well as whether they appear simultaneously. The answer to this question will obviously depend upon the shape of the glottis. We will therefore consider three different shapes. In addition to two rounded models we will also present results for a channel with a uniform height. Such a straight channel is interesting because we can obtain analytical solutions for the flow equations in three different limits: the steady viscous flow, the unsteady frictionless flow and the unsteady viscous flow. In the steady viscous flow case an integral formulation of the boundary layer theory is used. As shown by Ishizaka 1 and Van Zon 11 an analytical formulation can be obtained for a uniform channel. The unsteady frictionless flow is based on the Bernoulli equation. Last, the unsteady viscous flow approximation is obtained by assuming an equilibrium between viscous and pressure forces in a quasiparallel flow. This corresponds to the lubrification theory of Reynolds. 12 Finally we will also compare our data with a commonly used flow model. It is based on a correction of the steady Bernoulli equation for viscous effects based on the assumption of a Poiseuille flow.
1 A more elaborate description, accounting for a nonfixed flow separation point 13,2 will also be considered.
In the first section of this paper the dimensionless parameters relevant for our study are discussed. In the second section three theories are described together with the simplified theory based on the equation of Bernoulli corrected for friction losses. In Sec. III a brief description of the setup and of the experimental method used will be presented. The last part of this paper will be devoted to the analysis of the experimental results. First, only steady flows will be considered, this will allow us to evaluate the effects of viscosity. Second, the results obtained for the oscillating glottis will then be presented and discussed
II. DIMENSIONLESS PARAMETERS AND BASIC ASSUMPTIONS
The experiments presented here have been designed to simulate the conditions typical of voiced sound production. In particular, the pressure differences in the flow are small compared to the atmospheric pressure and the acoustical wave lengths are very large compared to the length L of the glottis. One can therefore assume that the flow is locally incompressible.
We consider the flow through an oscillating rigid model of the vocal folds with length L ͑in the flow direction͒ and width W. The minimum aperture of the glottis, h g occurs at xϭx g ͑henceforth called the throat of the channel͒ and varies in time between h min and h max . An estimate for the flow velocity is the velocity U B calculated from the pressure difference p u Ϫp d across the glottis by means of the Bernoulli equation for steady nonviscous flows:
where is the air density which we assume to be constant. The pressures p u and p d correspond, respectively, to positions just upstream and downstream of the glottis. We thus assume implicitly that p d is the pressure in the free jet downstream of the glottis. The fact that h g /LϭO(10 Ϫ1 ) and h g /WϭO(10 Ϫ1 ) indicates that a quasi-one-dimensional approximation for the flow should be reasonable v ជ Ӎ(u(x,y,t),0,0). This implies that the pressure is approximatively uniform in a cross section normal to the flow direction pӍ p(x,t). The ratio h g /␦ v between the channel height and of the viscous boundary layer thickness ␦ v ϭͱL/U B , where is the kinematic viscosity, yields an indication for the importance of viscosity. This ratio is related to the Reynolds number Re h ϭU B h g /,
The Reynolds number Re L ϭRe h (L/h g )ϭU B L/, based on the length L of the channel, provides an indication for the onset of turbulence in the glottis. Using values typical of voiced sound production, one gets Re L ϭO(10 4 ). A laminar flow within the glottis can therefore be expected but the jet formed by flow separation downstream of the glottis will be turbulent.
A measure for the unsteadiness of the flow is the ratio of the volume flux due to the wall movement f (h max Ϫh min )WL, where f is the fundamental frequency of the motion, and the volume flux U B h 0 W driven by the pressure difference p u Ϫ p d across the glottis,
where Sr L ϭ f L/U B is the Strouhal number based on the channel length L. In the case of a uniform straight channel one obviously has h g ϭh min because a collision h min →0 implies an essentially unsteady flow. In the case of a more complex geometry however the choice of a relevant length scale for h g is still an open question.
III. THEORETICAL MODELS

A. Introduction
Although the application to channels of arbitrary shapes will be presented, the theoretical models considered here will mainly focus on the case of straight uniforms channel. In all cases it is considered that the edges of the inlet are always well rounded so that any singular losses at the inlet are negligible. Because h g /WӶ1 the flow velocity u u far upstream of the glottis is neglected and a uniform pressure p u is assumed. In the case of a uniform channel, at the downstream end of the glottis the edges are considered as sharp so that the flow separation occurs at this fixed point. It is assumed that, in all cases, the pressure in the jet formed by this flow separation is equal to the pressure p d far downstream of the channel. Last, as explained above and because h g /LӶ1 and h g ӶW a quasiparallel flow v ជ ϭ(u(x,y,t),0,0) is considered.
B. Inviscid unsteady flow
Strictly speaking, a purely inviscid flow theory would ignore flow separation and thus cannot explain the modulation of the flow by the vocal folds. This corresponds to the so-called paradox of d'Alembert. 14, 15 Indeed, viscous effects induce a flow separation and the formation of a jet. Turbulent dissipation of the kinetic energy within the jet explains the volume flow control. If one assumes a quasisteady behavior of the jet, this implies that the pressure in the jet is equal to the pressure p d downstream of the glottis. If other effects of viscosity are neglected, the velocity u(0) at the inlet of the channel ͑at xϭ0) can be related to the velocity u(L) at the channel exit by means of the Bernoulli equation for an in-
where the velocity potential is given by
which is applied for xϭL. It is further assumed that
in other words, the unsteadiness of the flow upstream of the inlet xϭ0 is neglected.
For an incompressible flow through a channel of uniform height, h, the mass conservation law yields
Combining the definition ͑5͒ for and the equation of Bernoulli ͑4͒ yields a differential equation for the velocity u(0) at the inlet of the channel,
which for given pressure difference, p u Ϫp d and a given h can be integrated as a function of time. For a harmonically oscillating h, the result of this integration converges to a value which is independent from the initial conditions. In practice, given u(0) one can calculate u(x) and (x) using the mass conservation law ͑7͒ and the definition ͑5͒. The pressure p g at xϭx g is then found by applying the equation of Bernoulli ͑4͒ between xϭx g and xϭL.
C. Boundary layer solution for steady flows
For a steady flow through a channel of uniform height, h, and driven by a constant pressure difference, p u Ϫ p d , the Von Kármán integral formulation of the boundary layer equations can be integrated analytically. This solution was already discussed by Ishizaka 1 but only in the case where the boundary layer approximation remains valid over the full length L of the channel. In such a case, there is always a frictionless core with a uniform velocity u e (x) in which the Bernoulli equation can be applied. The frictionless core of the jet at the exit of the channel has a velocity u e (L)ϭU B ͓Eq. ͑1͔͒. As a more simple alternative to the method of Thwaites, 8 a method of Pohlhausen of first order is presented here. 12 In general the method of Polhausen assumes that the velocity profile u(x,y) within the viscous boundary layer has a simple shape which can be described by a polynomial of the distance y from the wall. We use here a polynomial of first order. As shown by Van Zon 11 using a linear velocity profile u(x,y)ϭu e (x)y/␦, where ␦ is the thickness of the boundary layers the corresponding volume flux becomes
where ␦ satisfies the nonlinear equation
Applying Eqs. ͑9͒ and ͑10͒ at the exit xϭL and using u e (L)ϭU B one has thus a set of two equations from which ␦ L ϭ␦(L) and ⌽ V can be obtained. Once ⌽ V has been calculated the viscous boundary layer ␦(x) at any arbitrary position x can be calculated from ͑10͒. The corresponding frictionless core velocity u e (x) is obtained by application of the mass conservation law ͑9͒. Finally, the pressure is calculated by using Bernoulli equation
The generalization of this approach for channel of arbitrary length can be made as proposed by Van Zon. 11 When the critical boundary layer thickness 
where the constant c is given by
ͬ .
͑16͒
Depending on x,p(x) can be calculated using Eqs. ͑13͒ or ͑14͒.
The use of Thwaites's implementation of the integral formulation of Von Kármán equation applied to a channel of arbitrary shape is discussed in detail in Hofman. 8 Similar results are also discussed by Pelorson 2 using the approach of Pohlhausen. All these approaches involve a numerical resolution which is, in practice, difficult because of the essential nonlinearity of the problem. 12 A direct solution of the equation of Prandtl is also discussed by Lagrée. 16 A systematic comparison showed that in terms of flow separation point prediction, the method of Pohlhausen and Twaithes are equivalent. 17, 18 Thwaites method appears more robust numerically and therefore will be used in the following. However, in the case of a straight uniform channel an analytical solution can be obtained as shown previously and there is no need for any numerical resolution. In the following, we will refer to this analytical solution as the solution of van Zon.
11
D. Lubrification theory of Reynolds
The lubrification theory of Reynolds combines the assumption of a quasiparallel flow together with the assumption that inertial effects are negligible. As the pressure forces balance the viscous ones, the velocity profile in the channel is given by the Poiseuille formula This velocity profile combined with the mass conservation law
where
yields the equation
which for a channel of uniform height can be integrated to give
E. Steady Bernoulli corrected for friction
Often one seeks for a simple correction the inviscid theory by adding an extra term to account for viscous pressure losses. This corresponds to the original approach of Ishizaka.
1 A similar approach is proposed by Antunes. 19 For the sake of simplicity, and because it will be shown that the unsteadiness seem to be less important than viscous effects, only the steady flow case will be developed here. This choice is further supported by the fact that if one neglects the effect of the wall movement on the mass conservation law, then the unsteady term in Bernoulli equation should certainly be neglected as well. The wall movement is, indeed, the main cause of unsteadiness. In this sense, the flow model of Ishizaka 1 is not consistent. Such an inconsistent approach might result in some poor behavior of the model as observed by Lous.
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The
Using the lubrification theory of Reynolds we find
Combined with the modified Bernoulli Equation ͑22͒ this equation, when applied at the separation point x s , yields a quadratic equation for ⌽ V which is easily solved for given x s . In a straight uniform channel one has simply x s ϭL and
. The extension of the above theory to the case of arbitrary shapes can, of course, be done by numerically integrating Eq. ͑23͒. However, as the friction losses scale with h Ϫ3 they depend strongly on the channel height. It can therefore be assumed that the losses are determined locally in a small region close to the throat, x g of the channel. Using a Taylor expansion, one can therefore use for the channel height h the approximation
where R is the ͑local͒ radius of curvature of the wall, we find by integrating ͑23͒ from xϭϪϱ to xϭϱ,
.
͑25͒
In order to solve for ⌽ V one now needs an estimation for the height of the channel h(x s ) at the separation point x s where it is assumed in the first approximation that p(x s ) ϭ p d . The relevance of this later assumption has been discussed in detail by Hofmans. 8 In view of its simplicity the semiempirical criterium of Liljencrants, 13 h͑x s ͒ h g ϭ1ϩ⑀ ͑26͒ with ⑀ϭ0.1 seems a reasonable order of magnitude. 8 In summary, four kinds of theoretical predictions will be considered in the following.
͑1͒
The boundary solution which refers as the ͑analytical͒ van Zon solution in the case of a uniform straight channel and as the Thwaites ͑numerical͒ solution in the case of a nonuniform channel. ͑2͒ The lubrification theory of Reynolds as developed in Sec. III D. ͑3͒ The steady Bernoulli theory corrected for pressure losses described in Sec. III E. ͑4͒ The unsteady Bernoulli solution presented in Sec. III B.
IV. EXPERIMENTAL SETUP AND PROCEDURE
In order to validate the theoretical models presented in the preceding sections, an experimental setup with oscillating vocal-folds replica is used. The main interest of this approach lies in the better control of the experimental condi-tions compared to in-vivo measurements. 21 While most invitro experiments in the literature deal with steady replicas of vocal folds ͑e.g., Refs. 22-25͒, or with numerical simulations on steady replicas ͑e.g., Refs. 26 and 27͒ very few attempts have been made using moving vocal folds. Much more realistic flow conditions were obtained recently using setups including moving replicas of vocal folds. These experiments were intended either to focus on the onset of phonation 28 or to mimic self-sustained oscillations using forced motion of the vocal-folds replica. 29, 30, 21 The experimental setup used in this study is in the tradition of these latter studies. Figure 1 shows the three different vocal folds mechanical models ͑or replicas͒ used. All these mechanical models have an overall length of 2 cm in the flow direction and a width Wϭ3 cm.
A. Vocal-fold replicas and sensors
Compared with human size, the mechanical model appears thus up-scaled by a factor of 3. To keep the Reynolds number constant, this implies that the velocities in the mechanical model are a factor of 3 times smaller than those expected for humans. At constant Strouhal and Reynolds numbers, the frequency of oscillation of the mechanical replica must be smaller than the one expected for human phonation by a factor of 9.
A pressure tap with a radius of 0.4 mm and 1 mm length is placed 1 cm upstream from the downstream end. This allows measurements of the wall glottal pressure p g Ϫ p d by means of a Kulite pressure transducer ͑type XCS-093, diameter 1.6 mm͒ placed in a cavity below the pressure tap. The pressure gauge was calibrated by using a Betz water micromanometer with a precision of 1 Pa. The response of the gauge was found to be linear within the accuracy of the measurement. The calibration was repeated after each series of measurements and appeared to be stable.
The first replica is the straight uniform channel. On the upstream side, the edges have been rounded with a radius of curvature of 2 mm. On the opposite, the downstream edges are made sharp. The transducer position is located at x g ϭ1 cm.
The second replica, denoted as the rounded vocal folds mechanical model has a length of Lϭ2 cm. The walls are half cylinders with a radius of Rϭ1 cm. The pressure tap is placed at the throat of the replica x g ϭ1 cm.
The third replica, the Gaussian vocal folds, has a more complex shape. In the region 2 mmϽxϽ18 mm the vocal folds have a Gaussian shape described by the equation y ϭA exp͓Ϫ(xϪ(L/2)) 2 /␣ 2 ͔ with Aϭ2 mm and ␣ϭ9 mm. The edges of both the inlet and outlet are rounded with a radius of curvature of 2 mm. The pressure tap is located at x g ϭ1 cm.
In the case of unsteady flow measurements, the lower fold with the pressure tap is maintained fixed while the upper fold is driven by a piston using an electrical motor and an eccentric wheel. This allowed to simulate self-sustained oscillations with a fundamental frequency of oscillation ranging from 5 Hz up to 35 Hz. Only results concerning the highest frequency are presented here as they correspond to the highest Strouhal numbers achievable using this setup. During the collision the mechanical folds were prevented from bouncing thanks to both to the backlash of the driving mechanism and the strong damping of the piston. The channel height h g at x g is measured by means of an optical sensor ͑type OPB700͒. The sensor was calibrated by placing gauges of known thickness at the throat of the glottis. The calibration was performed before and after each measurement. The estimated uncertainty in the measurement of the channel height h g is 10 Ϫ2 mm. The range of variation for h g was chosen to keep a fairly linear behavior of the sensor.
The presence of an asymmetrical flow ͑Coanda effect͒ through rigid nonmoving mechanical replicas of the glottis has been observed in past experiments. Although the most direct way to observe such an asymmetry was to use pressure measurement at both sides of the replica, this phenomenon could be observed in dynamic experiments even using measurements of a single side of the replica due to the presence of an abrupt transition in the pressure signal. 31 This transition corresponds to the time needed by the flow to establish an asymmetrical behavior. As such behavior was never observed here, there is no evidence for the presence of any asymmetry in the flow.
B. Global description of the setup
A global view of the setup is shown in Fig. 2 
V. RESULTS
A. Steady flow measurements
In Fig. 3 
However, the addition of a correction based on a Poiseuille flow profile allows for a reasonable agreement although the predictions are systematically higher than the measured data.
In Fig. 4 (h/L)Ͼ10 mm. When the glottis is more and more closed h g →0 one measures a pressure which is approaching the value predicted by the theory of Reynolds. The use of the Bernoulli theory corrected for friction ͑Sec. III E͒ explains the measured data quite well. The separation criterion chosen in Eq. ͑26͒ thus seems relevant for this geometry.
The corresponding results for the Gaussian replica are shown in Fig. 5 . The conclusions that can be drawn are similar to those expressed for the rounded geometry.
We conclude from those data that for Re h (h/L)Ͼ10 the boundary layer theory seems reasonable while the data approach the prediction of the lubrification theory of Reynolds for smaller values.
B. Unsteady flow measurements
In Fig. 6͑a͒ are presented the measurements of the glottal pressure p g Ϫ p d , the upstream pressure p u Ϫp d and the channel height h. In this experiment, the vocal folds were not allowed to collide, the minimum channel throat was fixed as h min ϭ0.10 mm. The measured glottal pressure is compared with the prediction obtained by means of the boundary layer theory ͑Sec. III C͒, the lubrification theory of Reynolds ͑Sec. III D͒ and the inviscid unsteady solution ͑Sec. III B͒. The good agreement between the boundary layer prediction and the measured data tends to show that unsteady flow effects are not very important. The comparison with the lubrification theory of Reynolds ͑Sec. III E͒ shows that inertial effects at the channel inlet are important except for h g Ӎh min . For a short time interval ͑when h g Ӎh min ) the theory of Reynolds predicts the experimental data. We further observe that the inviscid unsteady approximation ͑Sec. III B͒ provides quite poor results.
In the case where a collision is allowed ͓Fig. 6͑b͔͒, it can be observed that a finite glottal pressure could be measured even when the glottis is closed. This surprising result is due to the fact that owing to the surface roughness of the mechanical folds ͑of order of 10 Ϫ6 m) a complete closure cannot be achieved.
It can also be observed that the glottal pressure p g Ϫ p d can become larger than the transglottal pressure p u Ϫ p d which can only be explained by the flow unsteadiness due to the movement of the walls. This effect is indeed predicted by the lubrification theory of Reynolds. Deviation between theory and experiments could be partially due to the effect of errors in the measurement of the channel height h g when h g →0. The results of the lubrification theory are indeed very sensitive to such errors, because the viscous losses are proportional to h Ϫ3 . Last, the inviscid unsteady approximation, which is not shown here, fails to explain the measured data.
In Figs. 7͑a͒ and 7͑b͒ are presented results for the rounded replica for h min ϭ0.08 mm and h min ϭ0 mm, respectively. It can be observed that as h approaches h min the glottal pressure changes from a negative pressure predicted by the theory of Thwaites towards a positive pressure which approaches (p g Ϫ p d )/(p u Ϫ p d )ϭ0.5 as predicted by the steady lubrification theory of Reynolds. When there is a collision, as shown in Fig. 7͑b͒ 
